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Meiotic pairing involves a two-step process of DNA double-strand break (DSB)-independent chromosome
alignment and precise sequence matching at DSBs. In this issue of Developmental Cell, Boateng et al.
(2013) uncover a requirement in the alignment step for SPO11, a nuclease required for DSB formation, inde-
pendent of its enzymatic activity.Diverse nuclear processes, such as
recombinational DNA damage repair,
yeast mating type switching, mammalian
X chromosome inactivation, transvection,
integrative transformation, and, above
all, meiotic recombination, depend on
the recognition of homologous DNA
sequences. Precisely how these homolo-
gous sequences find one another has
remained a mystery. The matching of
complementary base arrays requires the
formation of single-stranded DNA tracts
and strand invasion that is assisted by
RecA/RAD51 or related proteins. While
DNA in solution may accomplish this
easily, it is difficult to imagine how
entire chromosomes would perform this
homology searching within the crowded
nucleus. Therefore, a simple mechanism
of homologous pairing by random diffu-
sion and base complementarity testing
may not be feasible in vivo (Barzel and
Kupiec, 2008). This is particularly true
for the genome-wide pairing of homolo-
gous chromosomes that occurs during
meiosis. Therefore, meiotic pairing is
widely believed to consist of a step during
which intact homologous chromosomes
are sorted, followed by a DSB-dependent
base matching step, which is usually
concomitant with incipient synapsis at
zygotene (see Zickler, 2006). There
appear to exist different mechanisms for
DSB-independent chromosome sorting,
and the closeness of the resulting align-
ment between homologs may also differ
(Figure 1). In most organisms, the sorting
process involves the relocation of telo-
meres (or in C. elegans, telomere-prox-
imal regions) to the nuclear periphery,
and sometimes, their clustering in the
so-called bouquet. Telomere mobility is
conferred by a transmembrane connec-
tion (including SUN1 protein) to cytoskel-etal filaments (Hiraoka and Dernburg,
2009). In Drosophila, centromere clus-
tering is believed to serve a function anal-
ogous to that of the telomere cluster (see
Subramanian and Hochwagen, 2011),
whereas in the protist Tetrahymena, both
telomeres and centromeres are clustered
at opposite ends of the nucleus (Loidl
et al., 2012). In the case of fission yeast
and Tetrahymena, homologous alignment
is additionally facilitated by movements
and shape changes of the entire nucleus
(Figure 1). Subsequent precise pairing
of prealigned chromosomes depends
on DSBs, which are induced by the
meiosis-specific nuclease SPO11. DNA
ends at the breaks are then resected to
single strands that form a complex with
RecA-like strand-exchange proteins
RAD51 and DMC1, and invade a duplex
DNA molecule in a locally restricted
search for homology (see San Filippo
et al., 2008).
In this issue of Developmental Cell,
Boateng et al. (2013) report that intimate
DSB-independent alignment may occur
very early in mammalian meiosis. They
observed frequent associations of FISH
signals at homologous loci in mouse pre-
leptotene spermatocytes around the time
of meiotic S phase. No DSB markers
(gH2AX and RAD51) were detected in
these cells. Interstitial regions as well as
the ends of chromosomes were found to
be associated. Whereas interstitial asso-
ciations decreased during leptotene, telo-
meres remained associated, and the
authors propose that this promotes the
distal initiation of synapsis at zygotene.
The observed requirement of telomeres
and SUN1 for homologous alignment in
the mouse resembles that in other organ-
isms and confirms a widely conserved
mechanism for telomere tethering andDevelopmental Cell 24movement in chromosome sorting (Hir-
aoka and Dernburg, 2009). However, the
present report suggests amuchmore inti-
mate homologous alignment than one
would expect from a DSB-independent
sorting mechanism. The occurrence of
homologous alignment so early in meiosis
is unusual and previous studies have
failed to detect homologous associations
prior to zygotene in mammalian meiosis
(Scherthan et al., 1996), and the cause
for the conflicting results is unclear. The
biggest surprise, however, is that Boat-
eng et al. (2013) find that this early align-
ment is completely abolished in spo11D
mice, meaning that it requires SPO11,
but is independent of SPO11’s ability to
induce DSBs (Figure 1).
Interestingly, a similar early meiotic role
of SPO11 has been proposed in budding
yeast by Cha et al. (2000). They found
that homologous FISH signals were
frequently associated prior to meiotic S
phase. In the absence of SPO11, this
association was reduced, whereas a
spo11 mutation incapable of inducing
DSBs left it intact. At the same time, it
appeared that SPO11 slows downmeiotic
S phase independently of DSBs. More
recently, a function of SPO11 in homolo-
gous alignment was also demonstrated
in Tetrahymena (Loidl and Mochizuki,
2009). In this organism, SPO11-depen-
dent DNA lesions trigger the elongation
of the meiotic nucleus. Within the tubular
nucleus, chromosomes become arranged
in a parallel bundle, with homologous
chromosome regions taking up adjoining
positions. Treatment of a spo11D mutant
with agents that cause DNA damage
(not necessarily DSBs) also elicits nuclear
elongation and alignment. Therefore,
SPO11 first mediates alignment, and
later, in the elongated nucleus, precise, January 28, 2013 ª2013 Elsevier Inc. 123
Figure 1. A Dual Role of SPO11 in Alignment and Precise Pairing in Meiosis
According to Boateng et al. (2013) and Cha et al. (2000), SPO11, but not its ability to induce DSBs, is needed for homolog alignment in the mouse and in the
budding yeast. In Tetrahymena, DNA lesions created by SPO11 trigger nuclear elongation as a means to align homologs. Alignment is independent of SPO11
in C. elegans (as well as in Drosophila—not shown) and the fission yeast, and it is mediated by telomeres (in mammals, budding yeast, and probably the majority
of other organisms), telomere-proximal pairing centers (inC. elegans), centromeres (inDrosophila), or centromeres and telomeres (in Tetrahymena). Later, SPO11
induces DSBs, at which precise pairing can take place. The synaptonemal complex (SC)may, or as inC. elegans andDrosophila, may not, require DSB formation.
Within the framework of the SC, a subset of DSB sites is converted into crossovers. Fission yeast and Tetrahymena lack an SC.
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Previewspairing by strand invasion at SPO11-
dependent DSBs (Figure 1).
The paper by Boateng et al. (2013) hints
at an unexpected function of SPO11 in
mediating chromosome alignment in the
progression toward meiotic homologous
synapsis. It is not clear whether this early
meiotic alignment is based on a dedicated
homology recognition mechanism or on
chromosome sorting due to functional
domain organization or spatial constraints
within the nucleus. With respect to the
former possibility, the authors discuss
earlier proposals of themutual recognition
of intact double-stranded DNA molecules
or the matching of sequence-specific
bound proteins. While SPO11 activity124 Developmental Cell 24, January 28, 2013can be easily imagined to trigger a DNA
damage response that promotes align-
ment by nuclear reorganization (as exem-
plified by Tetrahymena), it will be inter-
esting to determine in future work how it
may induce alignment via a DSB-inde-
pendent mechanism.REFERENCES
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